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Abstract 
The integration design approach for the Artificial Bone Scaffolds based on the Computer Aided Design (CAD), Finite Element Analysis (FEA), 
Computational Fluid Dynamics (CFD) is developed, and the multi-field coupling Scaffolds Modelling process is proposed. In modelling 
process, the complicated bone scaffolds can be designed with CAD tools, and FEA and CFD are the tools to analyse the mechanical and 
internal micro circulation properties. The CAD tools present the geometries and internal microstructure of bone scaffolds, and then export the 
models to CFD and FEA tools for properties analysis, such as the stress and strain of the blood against the channels, the flow velocity of blood. 
Three partial models composed the whole design approach, namely activity model, technical system model, and the information model. A 
special design case on the artificial bone scaffolds model demonstrates that this integration approach can facilitate to build the multi-physics 
fields coupled bone scaffolds. 
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1. Introduction 
The skeleton is a most important organization organ which 
supports the human body structure. Advances in biomaterials 
science, computer aided engineering techniques, applied 
mechanics, physics, and biomedicine offer new opportunities 
for bone tissue engineering. Some biological and physical 
scientists illustrate that interstitial fluid flow stimulates bone 
cells diffusion from piezoelectricity, and investigated the 
steaming potential, mechanical strain and fluid shear stress[1-
3]. At the same time researchers indicate that complex and 
interconnected microstructure in natural bone can maintain the 
blood circulation, metabolism, nutrition transfer and bone’s 
growth and reconstruction[4]. Based on these studies, the key 
problem in artificial bone fabrication is how to design and 
construct effectively an osteo-structure analogous 
microarchitecture with proper connectivity and biological 
performance.  
Due to the fact that biodegrade bioactive artificial bone 
scaffolds can now be possibly developed by using advanced 
techniques such as Computer aided design (CAD), Finite 
Element Analysis (FEA), Computational Fluid Dynamics 
(CFD), new biodegradable three-dimensional porous scaffolds 
have now been fabricated to cure bone disease and there is a 
great success in recent years. In the past, all of above are 
generally regarded as separate domains of interest and 
speciality in CAD, Computer Aided Engineering (CAE) and 
biomaterial communities. So it is a complex and 
unmanageable work for researchers to exchange the 
information in the whole design process on bone scaffolds 
design.  
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This paper describes a systematic design approach to 
integrate these domain-dependent design tools in supporting 
the design and evolution of artificial bone scaffolds. The 
complex and bio-oriented geometries of bone scaffolds and 
internal microstructures are modelled in CAD tools Open 
CASCADE based on VC++ , and relevant data from CAD 
tools is transferred to FEA software system ANSYS and CFD 
system COMSOL for design evaluation and validation of 
mechanical and fluid dynamic prosperities. The collaborative 
conceptual design case study demonstrated that it drastically 
reduced development time and cost in devising nozzle 
conceptual sketch design and optimizing the nozzle design for 
a high precision artificial bone rapid manufacturing machine. 
2. Motivation and Integration Model  
Strict requirements and rules from clinicians and material 
are the critical aspects to developing a good biocompatible 
artificial bone scaffolds. Concurrent Engineering is a 
systematic approach to integrate product development 
processes that aims to improve the responses to customer 
expectation. It can provide a collaborative, collective and 
simultaneous engineering approach during product 
development process, especially for tissue engineering which 
requires multidiscipline collaborative effort and needs to 
satisfy various customers’ expectations and technological 
requirements, including important biocompatible issues. The 
conflicting requirements for strong, yet porous bio-material 
structures always pose challenges for researchers[5]. The 
important characteristics of these structure lies in the material 
selection, determination of pore sizes and suitable 
manufacturing methods and techniques for a designed 
structure. Researchers are needed to figure out various 
requirements across multi-disciplines. Modern techniques 
such as simulation, analysis and Rapid Prototyping have been 
developed and can be used to support product development. 
But most techniques need to communicate design data and 
documents among engineers from different disciplines and 
regions or countries. An effective collaboration among them 
is vital to the success. The research aims to investigate and 
generate a framework to support the collaboration of 
multidisciplinary design team members in their design and 
development of a suitable artificial bone scaffold structures.   
2.1. Research on computer aided techniques for bone 
scaffolds 
Collaborative effort is therefore required to conduct this 
research project. Its aims in long-term to design and prototype 
an accurate rapid artificial bone manufacturing machine 
which satisfies the critical requirements. The concept is an 
information- oriented integration requires the integration and 
collaboration of CFD, CAD and CAM systems. Critical to 
bone tissue researchers are the development of new scaffolds 
structure with new biomaterials to improve the characteristics 
of bone scaffolds: namely, strength, porosity, biodegradability 
and compatibility with patients. Here the ultimate aim is to 
enable designers and process planners to switch between 
different aspects of present jobs and to develop concurrent 
working patterns, in order to optimise the product and process 
modelling in terms of cost, time and quality. Structural and 
biological analyses by scanning samples using an electron 
microscopy revealed that high porosity and big pore diameter 
of an artificial bone will facilitate nutrient, blood and oxygen 
flow in the artificial bone scaffolds. Based on this, an ideal 
artificial bone scaffolds microstructure should have two micro 
circulation systems in addition to the biomimetic 
microstructure.  
The requirement for high-quality product with reduced 
cost and time-to-market in multidisciplinary project is 
demanding. The high precision multi-nozzle development was 
used as a case study to validate this integration of concurrent 
design and process planning. CAD tools were used to provide 
several nozzle design concepts such as creating the internal 
microstructure in the artificial bone scaffolds, but some 
prosperities further research are also required, such as 
modelling of mechanical, nutrient fluid dynamics properties 
and some biochemical behaviour of bone scaffolds. Most of 
these discussed CAD modelling methods provide capabilities 
in representing diverse bone scaffolds with proper CAD 
models and offering intuitive modelling tools for scaffolds 
construction, visualization and manipulation. However, with 
these CAD tools only, the researchers are still uncertain 
whether the designed scaffolds can really meet the 
requirements on structural, fluid and biological properties. 
Most researchers hope to know biocompatible, mechanical 
properties of those models must via FEA and CFD tools[6,7]. 
The FEA and CFD are the available tools which have been 
employed in this research to demonstrate an integrated and the 
additional support in design and evaluating some scaffold 
concepts. For example, the FEA software can analysed the 
bone scaffolds’ strength, strain and stress etc. And CFD 
software can analyze the interstitial fluid flow in micro-holes 
of artificial bone scaffolds which transportation of nutrients, 
blood and metabolize products are designed to flow through 
micro channels. Using the biological vitro or inside 
organisms’ experiments to validate these fluid shear stress, 
piezoelectricity, and steaming potential to stimulate 
osteoblast-like cells growth. From the above of brief review, it 
can be seen that CAD modelling and FEA/CFD of artificial 
bone scaffolds are generally regarded as the important step in 
designing a high precision artificial bone rapid manufacturing 
machine. And the systematic approach to integrate these 
independent tools demonstrated in this paper. 
2.2. Integrated CAD, FEA, CFD Model 
To explain and clarify the principle of these parallelisms 
and collaboration during product development, a detailed 
description of partial models will be described as follows. Fig. 
1 demonstrates the entire integrated procedures. Different 
from traditional separated view of the MC, CAD, and 
FEA/CFD of engineering design process. The optimization 
tools, FEA and CFD, should be used to integrate the MC and 
CAD design activities. This cooperative conceptual design 
research methodology is furthered on the similar methodology 
in multidisciplinary developing 3D printer nozzle at both 
institutions.  
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Fig. 1. Integrated procedures on design of artificial bone scaffolds 
Extensive literature was reviewed on activities and tasks in 
design and process planning, in order to establish activity 
model to ensure suitable efficiency and effectiveness are 
achieved. The information model is, to the extent possible, 
based on generic resources, application resources and 
application protocols of the standard for the exchange of 
Product Model Data. These models are not developed for any 
specific product development. As for multidisciplinary 
research, it is complex for different domains using various 
special tools and software. So at the beginning of project, it is 
necessary to define above models and clarify the data 
communication standard or format about different technical 
tools. 
The artificial bone scaffolds development was a good 
example to the application of cooperative and integrated 
domain design tools approach in material, biomechanics 
structure, and fluid dynamics domains. It is therefore a big 
and important task on developing a collaborative support to 
facilitate the data exchange and communication among 
domain dependent design users and tools for artificial bone 
scaffolds. So the work needs different background with 
different expertise and vocabulary engineers and designers. 
3. Artificial Bone Scaffolds based on the multi-field 
coupling Model 
A design and fabrication research project for artificial 
bones is supported and cooperated by specialists in 
Biomedicine, CAD, FEA, and CFD etc. The cooperative 
methodology was represented in section 3.1 and all details 
techniques followed it. Some data will export to expert 
database and store for FEA/CFD and CAD tools. Section 3.2 
describes the proposed scheme for the integrated CAD 
modelling of bone scaffolds shape and micro channels for 
transporting blood, nutrient fluid and oxygen. MC and CAD 
data communication with FEA/CFD are also illustrated. The 
comprehensive mechanical and fluent properties of porous 
bone sample are discussed in section 3.3.  
3.1. Application of multi technology in the design of artificial 
bone scaffold 
In order to design the artificial bone scaffolds conceptual 
models with special internal microstructure, designer use the 
CAD tools with Open CASCADE and VC++. And the 
software convert the geometries of Haversian channels into a 
neutral file which with material data like micro spheres which 
is exported into bespoke special database are exported to 
COMSOL, commercial fluid dynamics software. The 
computation module are generated by the software using the 
geometric data and converts neutral format file, and that will 
be used to simulate the behaviour of nutrient fluid and 
simulation. The designer will find the right conceptual model 
by the simulation results, and then export it into FEA module 
to compute the stress and strain. The work is a repetitive cycle 
to get more suitable bone scaffolds models. The designer 
would redesign the model, and also simulate the modified 
model again when they are satisfied with their work. Fig.2. 
illustrates those finite element analyses supporting the 
collaboration of a CAD based designer, and analyst. 
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Fig.2. Integrated CAD and CAE/FEA on modeling 
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3.2. Open CASCADE Technology used in CAD modelling  
Open CASCADE Technology is a software development 
platform freely available in open source. It includes 
components for 3D surface and solid modelling, visualization, 
data exchange and rapid application development. Open 
CASCADE Technology can be best applied in development 
of numerical simulation software including CAD/CAM/CAE/, 
AEC and GIS, as well as PDM applications[8]. The authors 
used C++ language to develop a software module for 
designing micro channels on Open CASCADE platform 
collaborative the PDM technique. The Open CASCADE 
Technology deals with representing the geometry and 
topology of artificial bone scaffolds with models. The 
artificial bone scaffolds models are very complex structure 
models which are generated from micro spheres step by step. 
First the cascade cubic structure is generated from micro 
spheres for 3D cubic spore structure which is the basic 
elements that compose the more complex structure like 
tetrakaidecahedron etc. The basic model generated by Open 
CASCADE is shown in Fig.3. All computer models have be 
converted to those standard file formats, and it is important to 
ensure that finite element software systems have the correct 
translators and interface for standard data file formats. 
 
Fig. 3.Basic cascade cubic by CASCADE 
3.3. CFD and FEA tools use in CAE 
The transport the nutrient, blood and oxygen into the 
scaffolds interior are all-important activities. In addition, the 
graft bone healing relies on nutrition fluid distribution, so 
fluid flow analysis is a key part to design internal structure of 
bone scaffolds. The nutrition fluid distribution density should 
be important factors for bone scaffolds biocompatible. The 
CFD/FEA tools are used in this section in order to analysis the 
artificial bone scaffolds models under multi-physics and 
multi-phase conditions by the method of finite element. For 
example, set the boundary and initial conditions and input the 
governing equations into the COMSOL platform. The relation 
between fluid pressure and stress of bone scaffolds is 
analyzed by the COMSOL systemˈas shown Fig.4. The 
designer can determine which models are available to 
manufacture the artificial bones from the analysis results. 
Because of current manufacture techniques, the assumption 
conditions are idealized mode such as the internal structure is 
homogenous, and the internal pores are proportional space. In 
fact natural bone’s porosity and pore sizes are variable. 
The mechanical properties simulation analysis ascertains 
the Haversian and Volkman’s channels structure parameters 
via FEA. Exception for substitute’s biocompatibility, stress 
and strain should be similar to the natural bone. Because if the 
substitute toughness is stronger than natural bone, the bone 
closed to graft scaffolds will be weak and easily cause 
fracture for natural bone’s automatic biodegradation[9]. A 
general outline of all technology integration is given on 
section 3.1 and Fig.2.  
 
Fig.4. Nutrition fluid density distribution of bone scaffolds 
model under multiphysics fields. 
4. Conclusion 
In this paper, a systematic approach of integrating domain 
dependent design tools to help researchers to improve the 
quality of artificial bone scaffolds. Three partial models 
composed the whole research, namely activity model, 
technical system model, and the information model. All the 
design works are carried out by micro spheres. The CAD tools 
present the geometries and internal microstructure of bone 
scaffolds, and export the models to CFD and FEA tools for 
deeper analysis. FEA and CFD tools analyze the mechanical 
and internal micro circulation properties. Through these 
examples, one can clearly see the benefits of the proposed 
methodologies with possibilities for transferring and feeding 
back information were deployed to support the main research 
objectives which are to rapidly design and analyse a new 
solution and increase the flexibility of the approach. Results 
show that such a solution can take advantage of the designer’s 
experiences in the design process and provide a mechanism to 
exploit existing potential for increasing the quality of new 
multidisciplinary product design and manufacturing.     
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